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LED Driver Achieves Electrolytic Capacitor-Less and
Flicker-Free Operation With an Energy Buffer Unit

Peng Fang
Yan Zhang

Abstract—Electrolytic capacitors are often needed to provide the
high-density energy storage required by ac-powered LED drivers;
however, they are also well known for their short lifespans. Elim-
inating electrolytic capacitors in ac-dc LED driver design has be-
come a very important target to improve LED driver technology. In
this paper, a cycle-by-cycle energy buffering LED driver has been
proposed to achieve electrolytic capacitor-less flicker-free opera-
tion. An energy buffering unit, with high-voltage film capacitors
being the energy storage device, is introduced in the design to
buffer the imbalanced energy in every switching cycle. The switch-
ing current can be controlled to meet high power factor correction
requirement, while maintaining dc LED output current at the same
time. Compared to previous electrolytic capacitor-less designs, this
technology can reduce circulating power and, therefore, power con-
version loss. A 15-W experimental prototype had been built and
tested to verify the proposed LED driving method.

Index Terms—Cycle-by-cycle energy buffering, electrolytic
capacitor-less design, flicker-free operation, LED driver.

1. INTRODUCTION

ED lighting has been steadily increasing in popularity,
L owing largely to its high efficacy, long lifespan, and envi-
ronment friendly operation. It is replacing fluorescent lighting
and becoming the primary artificial lighting sources in many
applications. Although having inherent advantages over fluo-
rescent lighting, there are several technical challenges that need
to be overcome to fully take advantage of LED lighting, par-
ticularly with the ac-powered LED driver. In an ac-connected
driver, the notorious double-line-frequency flicker,which can
cause numerous health issues, will occur unless the driver is
properly designed to eliminate it. Therefore, the key to realizing
the full benefits of LED lighting lies in LED driver designs.
Also, LED drivers heavily determine the size, efficiency, and

Manuscript received January 24, 2018; revised June 13, 2018 and September
6, 2018; accepted October 10, 2018. Date of publication October 15, 2018; date
of current version May 2,2019. This work was supported by the Natural Sciences
and Engineering Research Council of Canada. Recommended for publication
by Associate Editor F. J. Azcondo. (Corresponding author: Yan-Fei Liu.)

P. Fang was with the Department of Electrical and Computer Engineering,
Queen’s University, Kingston, ON K7L 3N6, Canada. He is now with the Uni-
versity of Minnesota, Duluth, MN 55812 USA (e-mail: p.fang@queensu.ca).

B. Sheng, S. Webb, Y. Zhang, and Y.-F. Liu are with the Department of
Electrical and Computer Engineering, Queen’s University, Kingston, ON K7L
3N6, Canada (e-mail: bo.sheng @queensu.ca; 11sdw4@queensu.ca; zhangyan-
jtu@163.com; yanfei.liu@queensu.ca).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TPEL.2018.2876337

, Member, IEEE, Bo Sheng, Student Member, IEEE, Samuel Webb
, Member, IEEE, and Yan-Fei Liu

, Student Member, IEEE,
, Fellow, IEEE

Vac

0 Iac

Imbalanced
Energy

One line cycle4>‘ t

Fig. 1. Energy imbalance between ac input power and expected LED output
power with grid-connected LED drivers.

cost of LED lighting fixtures, playing a critical role in LED
lighting deployment.

EnergyStar requires power factor correction (PFC) to be im-
plemented for lighting devices higher than 5 W. The power
factor must be higher than 0.9 for commercial usages and 0.7
for residential usages [1], which results in a time-varying input
power with a double-line-frequency ripple, as shown in Fig. 1.
On the other side, achieving flicker-free LED driving requires
constant output power. Therefore, energy buffering for double-
line-frequency imbalanced energy is required. A conventional
single-stage LED driver uses the simplest form of energy buffer-
ing, by paralleling bulky electrolytic capacitors at its output.
Part of the ripple power is buffered by the storage capacitor,
while the remaining escapes to the LED load and, therefore,
generates double-line-frequency flicker. Only an infinitely large
storage capacitor can buffer 100% of the ripple power using this
technique. Thus, double-line-frequency flicker is always present
with a single-stage LED-driver-based design. The recommended
low-risk flicker level should be less than 0.08 X fg;cker percent
of the average [3], which is equivalent to 10% for 120-Hz flicker
(under 60-Hz mains) and 8% for 100-Hz flicker (under 50-Hz
mains), respectively. Commercially available single-stage LED
drivers usually exceed the recommended safe level.

Double-line-frequency flicker raises health-related concerns.
Although usually not visible, it can be picked up by retina that
leads to visual fatigue and other problems [4], [5]. Conventional
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Fig. 2. General implementation of an active filtering LED driver [21].

two-stage LED drivers can naturally achieve flicker-free LED
driving. The additional dc—dc stage in a two-stage design can
filter the double-line-frequency ripple power. The drawback is
additional loss from the extra power stage and higher cost due
to the additional components.

A variety of LED driving methods have been investigated to
achieve flicker-free LED driving performance while maintain-
ing high efficiency and low cost. Some focus on novel control
strategies, while others focus on power topologies. For instance,
the harmonic current injection method had been proposed to re-
duce imbalanced energy in a half line cycle [6]. Similar methods
include input or output current shaping [7]-[9]. They can lessen
the severity of flicker, but cannot completely remove it. There are
also two-stage integration methods [10]—-[12] that share compo-
nents between the first and the second power stages, leading to
a reduction in component count and lower cost. However, opti-
mal operation is difficult to achieve because of extra constraints
from component sharing. Ripple cancelation methods [14]-[18]
have also been proposed to achieve flicker-free operation. An
opposite ripple voltage is produced to cancel the double-line-
frequency ripple voltage from the main PFC circuit. A dc LED
voltage and LED current can be produced to achieve flicker-free
operation. This method can achieve very good efficiency and re-
duce requirement on storage capacitors. It is possible to achieve
electrolytic capacitor-less design, but only for high LED output
voltage applications [17].

In addition to eliminating flicker, one other important research
area for LED drivers is eliminating electrolytic capacitors. Elec-
trolytic capacitors are often used as high-density energy storage
device, buffering the double-line-frequency imbalanced energy.
However, it compromises system life. Like other semiconductor
devices, LEDs can last for decades. On the other side, the lifes-
pan of electrolytic capacitors is an order of magnitude less [19].
Therefore, eliminating them in LED driver designs becomes
paramount.

High-voltage film capacitors have sometimes been used as
storage capacitors to replace electrolytic capacitors. By allowing
a large double-line-frequency ripple voltage on the high-voltage
film capacitor, small capacitors, usually in the range of a few
microfarads, can be used. Designs come in different forms under
this basic concept. There are active filter methods [20]-[22]
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Fig.3. General implementation of a three-port electrolytic capacitor-free LED
driver [23].

that parallel a bidirectional dc—dc converter to an LED load,
as shown in Fig. 2. The bidirectional converter serves as an
infinite capacitor. When Pj,, > P1ip, the bidirectional converter
transfers extra energy to the film capacitor; when P;,, < Prgp,
the energy is transferred back to the LED load from the film
capacitors. In general, active filter LED drivers generate quite
sizeable loss. The half line cycle imbalanced energy, which is
around one-third of the total delivered energy, goes through three
power convesion steps. First, when P;,, > Prgp, the imbalanced
energy is transferred from the ac input side to the dc output
side. Second, it is then transferred from the dc output side to
the storage capacitors. Third, when P;,, < PrLgp, the energy
in the storage capacitor is transferred back to the LED output.
Because of excessive power circulation, the projected efficiency
is much lower than a conventional single-stage LED driver, and
this is evidenced in [21]. Similarly, there are also three-port
power decoupling methods [23]-[27] that dedicate a third port
for ripple power, as shown in Fig. 3.

A cycle-by-cycle current energy buffering flyback LED driver
has been proposed in this paper. It can be considered as an
alternative three-port LED driver, but with completely different
operating principle. The method treats imbalanced energy at a
switching frequency level, resulting in the following benefits.

1) The imbalanced energy experiences one less circulation
through the system. When P;, > LED, the imbalanced
energy is directly transferred from the ac input to the stor-
age capacitors. The imbalanced energy only experiences
one power conversion step during this process instead of
two times in active filtering and previous three-port LED
drivers, which results in a higher efficiency.

2) The maximum energy that needs to be stored in the main
flyback transformer, in every switching cycle, is half the
amount that of conventional designs and other three-port
LED drivers. With the proposed design, the maximum en-
ergy that needs to be stored in the flyback transformer is
constant in every switching cycle and proportional to the
LED output power. On the contrary, with conventional or
other electrolytic capacitor-less design, the maximum en-
ergy that needs to be stored in the flyback transformer is
proportional to the peak input power, which is double the
amount of the LED output power. Therefore, a smaller
magnetic core can be used for the main flyback trans-
former, and the current stress for power components is re-
duced, allowing for lower current rated devices to be used.
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Fig. 4. Primary-side and secondary-side switching current waveforms.
(a) Conventional Flyback LED driver with PFC implementation. (b) Expected
waveforms to achieve constant LED current output.
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Fig. 5. Illustration of switching current when P;, > P,pp . (a) Conventional
design waveforms. (b) Conceptual waveforms achieve energy buffering.

Lec Tbuffer in

3) Primary-side control can be easily implemented with the
proposed LED driver. The signals required to build the
LED current regulation loop can be sensed at the primary
side. Eliminating the need for a secondary-side control
circuit can achieve reduced design complexity and cost.
The remaining part of this paper is organized as follows.
Section II presents the design concept and operating principle
of the proposed LED driver. Section III discusses the component
requirement. The control scheme is discussed in Section IV, and
the loss analysis is provided in Section V. The design procedure
and consideration are discussed in Section VI. The simulation
and experimental results are presented in Section VII. Finally,
this paper is concluded in Section VIII.

II. DESIGN CONCEPT AND OPERATING PRINCIPLE

For a conventional single-stage LED driver, PFC and dc LED
output power cannot be achieved at the same time. A flyback
LED driver operating under the discontinuous conduction mode
(DCM) is used as an example to illustrate this point. Fig. 4(a)
shows the primary-side and the secondary-side switching cur-
rents, Iy and I, of a conventional flyback LED driver when
PFC is performed. Fig. 4(b) shows the required primary-side
and secondary-side switching current that can deliver constant
LED output current. As shown, performing PFC requires the
peak primary-side switching current to follow the input voltage.
On the contrary, delivering constant LED output power requires
identical secondary-side switching current in every switching
cycle. Therefore, the switching current waveforms need to be
changed to bridge the different requirements of these two.

Fig. 5 shows two different patterns of switching current when
Pi, > Prep. Fig. 5(a) shows the switching current in a conven-
tional design. When PFC is performed, the peak primary-side
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Fig. 6. Illustration of switching current when P;, < Pr,gp . (a) Conventional
design waveforms. (b) Conceptual waveforms achieve energy buffering.

switching current is higher than I roq, Which is the amount
required from the LED output. Fig. 5(b) shows the conceptual
change on the switching current. The current drawn from the ac
input happens in two occasions, and the areas Al (or A2) and
B1 (or B2) are used to represent them. When the primary-side
switching current hits Iy req, the primary-side current is ended
as the switch controlling it is turned OFF. The magnetic current
commutes to the secondary side, and the extra amount of cur-
rent is delivered to the LED output. When .. becomes zero,
more primary-side current is drawn from the ac input, as rep-
resented by area B1, to meet the requirement from PFC. Area
B1 in Fig. 5(b) is equal to area B1 in Fig. 5(a). Therefore, the
total current drawn from the ac input depicted in Fig. 5(b) is the
same as it is depicted in Fig. 5(a). After the second portion of
the primary-side current, the energy stored in the transformer
is used to charge another conceptual load instead of feeding
the LED output. The remaining energy is represented by the
magnetic current, lyyfrer_in-

Fig. 6 shows two different patterns of switching current when
P;, < Prgp. Fig. 6(a) represents the waveforms in a conven-
tional design. The primary-side switching current is terminated
when enough current is drawn from the ac input, as represented
by area A1, for PFC. Under this condition, the peak primary-side
switching current is still lower than I,y req, the amount required
for constant LED output current. Fig. 6(b) shows a conceptual
change on the switching current. After enough current is drawn
from the ac input, also represented by area Al, the remain-
ing primary-side switching current is supplied by a conceptual
source and is also represented by Ipytferout- AS the current drawn
from the ac input is the same in both cases, the PFC performance
is maintained. The primary-side switching current stops when it
hits Ipyi req- The extra current supplied by the conceptual source
also means extra energy supplied by the conceptual source.

A storage capacitor can serve as the voltage source when
P;, < Ppgp. It can also serve as the load when P;, > Prgp.
Therefore, in every switching cycle, the imbalanced energy is
buffered by the energy storage capacitor. To achieve the above
current repatterning concept, an interfacing circuit needs to be
designed between the storage capacitor and a conventional LED
driver, and the proposed LED driver is shown in Fig. 7.

The power stage is based on the flyback topology with an extra
energy buffer unit to achieve high power factor and constant
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Fig. 8. Key switching waveforms of the proposed LED driver when
Py < PreD.

current output in every switching cycle. When Py, < Prgp,
the additional energy is supplied from the storage capacitor
Cyo to the LED load. When Py, > PrLgp, the extra energy is
stored into Clg,. The output capacitor C, is implemented by a
10-uF ceramic capacitor in the experimental prototype to filter
the switching frequency ripple. The storage capacitor Cy, is
implemented with a 2 x 3.3 uF 450-V film capacitor. The
switching operations during P;,, < PLgp and P;, > Ppgp are
different, and they will be discussed separately.

A. Operation When P;,, < Prgp

The LED driver is operated under the DCM with four dis-
tinct time intervals [fo—t1], [t1—t2], [t2—t3], and [t3—#4] in one
switching cycle. The critical switching waveforms are shown in
Fig. 8.

1) During [ty—t,]: Fig. 9(a) illustrates the circuit operation
during the time interval [fy—t; ] when Py, < Prpp. The MOSFET
Q; is turned ON at 7y and the current is drawn from the ac
input. Because the primary-side winding, IV, is oriented in the
flyback mode with respect to the secondary-side windings, Ny,
and buffer winding, Ny, diodes D; and D, are reverse biased.
During this time interval, Qo and Q3 are OFF. The body diode
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of O, is forward biased. The voltage on D; can be expressed as

N, ri
Vbi(Py<Piop)lto —t1] = Vo 4+ Viu Np . (1
sec
The voltage on diode D, can be expressed as
N uf
Vo (Po<Pion)lto —t1] = Vi + Via X Nb - 2
pri

The voltage V, is designed to be higher than Vi, .. when
P;, < Prgp. Therefore, diode D5 is forward biased, and the
body diode of Qs is reverse biased. The voltage across Q3 can
be expressed as

VQS,(Pi,,<PLED)[tO - tl] - ‘/sto - Vin,rec- (3)

This interval ends at time #; when the switching current drawn
from the ac input reaches the level required for PFC.

2) During [ti—t5]: Fig. 9(b) illustrates the circuit operation
during the time interval [f;—f2]. MOSFET Q3 is turned ON at #;
and Q; is remaining ON. Because V, is higher than Vj, ., the
input bridge rectifier is reversed biased, and there is no more
current drawn from the ac input during this time interval. Cy,
provides the switching current in primary-side winding instead.
No ac input current during [f;—f2] is desirable as enough ac
current had been drawn for PFC during [#y—#;]. D; and Ds are
still reverse biased, and Q- is forward biased. As the voltage on
the primary-side winding becomes Vj,, the voltages on diodes
D; and Dy during this time interval also change and become

N, ri

Vle(P'm<PLED)[t1 7t2] :‘/;7+‘/; X NL (4)
sec
N u

VDo (P, <Pupp)lt1 — 2] = Vi + Vi x % (5)
pri

This time interval ends at time 7, when the primary-side
switching current hits Ipy; roq, Which represents the current level
required for delivering a constant LED output current. Iy req
is automatically generated by a feedback loop that will be dis-
cussed in Section V. Both Q; and Q3 are turned OFF at f5.

3) During [to—t3]: Fig. 9(c) illustrates the circuit operation
during the time interval [fo—t3]. As Q1 and Q3 are turned OFF at
15 and Q- is still OFF, the magnetic current is forced to commute
from the winding Ny to the winding Ny... The voltage on
the secondary-side winding is clamped at V,, with ignoring the
forward voltage drop on D; . The voltage on the secondary-side
winding is reflected to the primary-side winding and the buffer
winding. The voltage across the primary-side winding can be
expressed as

N, ri
VN pri(Po < Pup) [t2 — B3] = Vo X Np . (6)
The voltage on Q; can, therefore, be expressed as
Npri
VQL(P;D<PLED)[752 - t3] - ‘/in,rec + Vo X Ni (7)
The voltage across winding Ny,¢ can be expressed as
Nbuf
VNbut (P < Prsp) [tz — t3] = Vo X . (3)

NSCC
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In the proposed LED driver, Vg, is designed to be always
smaller than the voltage on the buffer winding during [to—t3]
given by (8). Therefore, diode D, is forward biased, while the
body diode of Q> is reverse biased. The voltage on Q- can be
expressed as

Voo_(p < Pren) [tz — 3] = Vbut(p < P ) [B2 — B3] — Vito
Nyt
=V, — Vito- 9
X Nooo t )

The status of D3 and Q3 is the same as it is in the interval
[to—t1]. The magnetic current in winding Ny starts decreasing
at 1o and becomes zero at t3, which ends this time interval.

4) During [ts—t,]: An idle interval [f3—#4] is followed to
achieve DCM operation. No active switching operation happens
in this interval.

B. Operation When P;,, > Prrp

When P;,, > Prgp, the extra energy is transferred from the
ac input to the storage capacitor Cy, in every switching cycle.
Fig. 10 shows the key switching waveforms with one switching
cycle being divided into five time intervals: [t — t1], [t} — t5],
[t — t4]. [t5 — #,], and [t} — &)

1) During [t — t}]: Fig. 11(a) shows the circuit operation
during the time interval [7y—t; ] when P;,, > Prgp. Itis the same
as Fig. 9(a) when Py, < Prgpp. Therefore, (1) and (2) can be
reused to describe voltage stresses of Dy and D». The voltages
on Q3 and D3 depend on the instantaneous value of Vi, ;.. and
Vito- Both Vi ec and Vi, change in a half line cycle, and the
situation can change between Vi, e > Vio and Vipree < Vio-

Switching operation when Pi, < Ppgp . (a) During [#9—#; ]. (b) During [#; —2]. (c) During [to—#3].

]pri req

Lpri / /I_
].\'ec \
]/mf
LI
Gaos Always off
Gon | ]

t'o t' th thtyt's

Fig. 10.
PLED.-

Key switching waveforms of the proposed LED driver when P;,, >

The voltage on Q3 and D3 can be expressed as

VDS,(Pi,,>PLED)[t6 - t/]] = max{(‘/inlec - ‘/;to)a O} (10)
and
VD3,(P;,,>PL]::D)[t6 - t’l] = max {(V;to - Vmax)7 0} . (11)

As Q3 is always OFF when P, < Ppgp, the voltage stresses
of Q3 and D3 remain unchanged in the entire switching cycle.
At 1y, the primary-side winding reaches I, req and Q; is turned
OFF. One should note that the current drawn from the ac input
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Fig. 11.  Switching operation when Pj, > Ppgp. During [t{, — ¢} ]. During [t] — t}]. During [t}, — t}]. During [t} — ¢}].
is not sufficient to perform PFC yet at #;. More current will be 4 . .
P A I Pin <Prep | Pin > PLep i Pin<Prep
drawn from the ac input during the time interval [t}, — #}]. : '

2) During [ty — t5]: Fig. 11(b) shows the circuit operation : E E
during the time interval [t} — 5] when Pi,, > Prgp. It is the Vi, rec : : :
same as Fig. 9(b). Therefore, (7) and (9) can be reused to de- ; ; :
scribe voltage stress for each component. This interval ends at — s e — Ts e— o Ts e
t, when the secondary-side current drops to zero. Gar

3) During [ty — t4]: Fig. 11(c) shows the circuit operation |

during the time interval [t}, — ¢;] when P;,, > Prgp. O is turned
ON again at 7o to draw more current from the ac input. The
voltage stresses of the components in [ty — t}] are the same as
they are in [, — ¢{]. This time interval ends at #3 when the exact
amount of current required for PFC is drawn from the ac input.

4) During [ty — t}]: Fig. 11(d) shows the circuit operation
during the time interval [t; — ¢}] when P;, > Ppgp. Since Q is
turned OFF at ¢, and the Q> is already ON, the magnetic current
commutes from winding Ny to winding Nyy. The magnetic
current does not flow in secondary-side winding because of the
following relationship in the design:

N
‘/Sto % sec

<V,.
Nbuf ’

12)

When the magnetic current flows in winding Ny, the voltage
on the winding is clamped at Vy,. The term on the left side of
the “less than” sign of (12) is equal to the voltage reflected to the
secondary-side winding at the time. Therefore, the LED output
voltage during [#3—2,] is higher than the secondary-side winding
voltage, and diode D; is reverse biased to block current. The
voltage across D; can be expressed as

Nsec
. 13
Nbuf ( )

V1 (P> Posp) B3 — ta] = Vo — Vo X

G| |+ & MUt ¢
GQ3 ” 'Il Il

Fig. 12.  Switching operation over a half line cycle.

The voltage on the buffer winding is also reflected to the
primary-side winding, and the voltage on Q; can be expressed as

N, ri
Ll (14)

Voi(py>pPupn)[ts — ta] = Vin + Vio X -
Du

This time interval ends at 74 when the magnetic current in
winding Ny, decreases to zero.

5) During [t — t;]: A small idle time interval [t} — t;] is
used to achieve DCM operation. No active switching operation
happens in this interval.

C. Overall Operation in a Half Line Cycle

Since the switching operations under both Py, < Prgp and
P, > Prpp have been discussed, the overall view of the oper-
ation in a half line cycle is illustrated in Fig. 12.

The above discussion also reveals that the imbalanced en-
ergy had only gone through two power conversion steps. When
P;, > PrgD, the imbalanced energy is transferred from the ac
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TABLE I
MAXIMUM VOLTAGE STRESS OF EACH COMPONENT UNDER 110-Vrms INPUT
N pri
Qi Vo max +Vox—— 350V
NSE:C
Nﬁec
D] V.vthnax X N + Vn 1 17V
pri
N buf
QZ Vo X - thu_min 130V
sec
N buf
D, | max|V, . (6)x . V(| | 310V
pri
Qs max [V, )=V, ,.(1)] 150V
Ds max [V, .. ()-V,,(®] 10V

TABLE II
EXPERIMENTAL PROTOTYPE SPECIFICATION AND KEY COMPONENTS

System Specification

Input voltage 89 Vrms — 132 Vrms

Maximum output voltage ~60 V
Maximum output current 0.25 A
Maximum output power I5W

Circuit Parameter
Npri: Nsec: Nbuf = 3:1:3
Lpri=1.2 mH, EE16 core

Transformer

Switching frequency 25 KHz
Controller dsPIC33FJ32GS606
MOSFET Q1 STPSN60M2, 600 V, 3.7 A

MOSFET Q2, Q3
Diode D1, D2, D3
Output capacitor

FQP3N30,300 V,3.2 A
LQAO3TC600, 600 V, 3 A
CGA9N3X7S2A106K230K
B, 100 V, 10 pF

input side to the storage capacitor, directly. When P;,, < PLgp,
it is then transferred from the energy storage capacitor to the
LED output side. One less power conversion step is required
with the proposed LED driver as compared to an active filter
and previous three-port LED drivers.

III. COMPONENT REQUIREMENT ANALYSIS
A. Component Voltage Stress

As the expressions of the component voltage stresses have
been derived in each time interval, the maximum voltage stress
expression for them in a half line cycle is summarized and
shown in Table I. The maximum voltage stresses for them are
calculated/simulated in the right column according to the circuit
parameters from Table II.

B. Component Current Stress

The switching current in Q; peaks at #, when P;,, < Prgp.
It is equal to I req that is generated by the feedback loop. The
switching currentin Q peaks two times at #; and t3, respectively,
when Py, > Prgp. The peak current at 1 is also equal to Zpyi reqs
while it is smaller at #3 except, when P;, = 2P gp; the peak
currents at #; and 3 are equal. Therefore, the maximum current
stress of Q; in a half line cycle is equal to the I eq. There
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is current in D3 and Qs during [f;—f2] when P;,, < Prgp. The
maximum current stress for D3 and Q3 S Ipyi req as well. In every
switching current, the energy delivered to the LED load, Fi,
can be expressed as

1
ELED =z X I2 X Lpri-

2 prireq (15)
At the same time, Epp can also be expressed as
Ergp = ILgp x V, x Tk. (16)
Combining (15) and (16) yields
2 X P T
Lrireq = w. (17)

Lpri

Equation (17) describes the relationship between Iy req and
IEp . Once the circuit parameters, ILgp, V,, T, and Ly, are de-
termined, I, req can be calculated. Jpy rq is calculated tobe 1 A
at the 15-W output power with the circuit parameter from Ta-
ble II. The maximum current stress with D; can be expressed as

Npri (18)
Nsec

The maximum current of Dy is calculated to be 3 A. The
maximum current in Dy and Q- occurs when Py, = 2P gp.
Under this situation, the primary-side current at #3 is equal to
Iprieq as well. Therefore

IDlmax = Isec,pk = Iprijcq X

Npri
Nput

The maximum current with Dy and Qs is calculated to be 1 A.

It is worth mentioning again that the proposed LED driver
allows the use of a smaller core for the transformer and low
current rating components. In every switching cycle, the peak
secondary-side current is the same and corresponds to a con-
stant output power, Ppgp. In a conventional design or previous
active filtering LED drivers, the maximum power delivered to
the secondary side is equal to 2P,gp. Therefore, the maximum
energy that must be stored in the transformer in the proposed
design is only half the amount of these previous designs, which
permits using a smaller transformer core and low current rating
components.

IDQJTIH.X = IQZJnax - ILEDJ‘cq,pri X (19)

C. Storage Capacitor Requirement

The high-voltage film capacitor Cy, is used to buffer the
imbalanced energy in a half line cycle. The value of Cy is de-
termined by the amount of imbalanced energy and the designed
voltage range for V. The relationship among the imbalanced
energy, Epufrer, the minimum voltage of V,, and the maximum
voltage of V, can be expressed as

1

Evutrer = icsm X (‘/;,%OJHB,X - Vvs%o,min)
- Csto X Vsto,avg X Vsto,pp,rip (20)
where
V; o-max V; o-min
Vi avg = —ocmes £ 1)
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TABLE III

STORAGE CAPACITOR REQUIREMENT COMPARISON BETWEEN DIFFERENT LED DRIVING SOLUTIONS

Topology

Storage Capacitor Requirement

Single-stage Flyback
LED driver

Voltage rating: can be decided based on the LED voltage

Capacitance: High. Determined by the requirement of flicker level. Electrolytic capacitors are required to implement
the storage capacitor.

Example: 1mF electrolytic capacitors are used on a 12W, 41V LED driver [30]. The normalized capacitance per wattage
is 83uF/W.

Two-stage Flyback +
Buck LED driver

Voltage rating: can be decided based on LED voltage. The Bus voltage is usually designed to be the LED voltage plus
a reasonable voltage margin for proper Buck converter operation. For example, 63V voltage rated capacitors can be
used when the maximum LED voltage is 50V.

Capacitance: High. Determined by the acceptable Bus voltage ripple. Usually implemented by electrolytic capacitors.

Example: 1mF, 63V, electrolytic capacitors are used in a 30W, 45V, two-stage LED driver design [31]. The normalized

capacitance per wattage is 33uF/W.

LED voltage.
Proposed cycle by cycle

energy buffering LED

driver required capacitor.

Voltage rating: High. The storage capacitors are biased at high voltage (usually 100V to 300V voltage) and allow a
high peak to peak double line frequency voltage ripple. The voltage rating of the storage capacitor is not linked to the

Capacitance: Low. A few microfarads to enable film capacitor implementation. Eq.(25) can be used to calculate the

Example: 2 x 3.3uF, 300V film capacitors are used in the proposed LED driver. The normalized capacitance per

wattage is 0.44uF/W in the proposed design.

Previous active filter
LED driver

The rule to select the storage capacitor is the same as the proposed LED driver.

and

‘/sto,pplip = ‘/sto,max - ‘/sto,min- (22)
Vito_ave Tepresents the average voltage of Vi, and Vi pprip
represents the double-line-frequency peak-to-peak ripple volt-

age of Vy,. Rearranging (22) yields

Eimbalance

Csto = (23)
‘ Vsto,avg X Vsto,pp,rip
At the same time, Ej,fe; can also be expressed as
1 1
Ebuffer = *PLED X =X Tiine~ (24)
T 2
Combining (23) and (24) yields
B X Tin >
Cuto = LED - ne (25)

2m X V;‘.to,avg X ‘/;to,pp,rip

Equation (25) reveals that the capacitance of C, is reversely
proportional to the average voltage Vi ave and the peak-to-
peak ripple amplitude Viio_pp_rip- When a higher average voltage
Vito_ave and/or a larger ripple amplitude Vi, pp_rip are designed
in the proposed LED driver, Cy, can be reduced to achieve
electrolytic capacitor-free design. The energy storage capacitor
requirement of the proposed LED driver will be compared to the
requirement of other LED driving technologies, and the result
is summarized in Table III.

IV. CONTROL STRATEGY

Fig. 13(a) shows the control diagram of the proposed energy
buffering LED driver, and Fig. 13(b) and (c) gives the example
gate driving logic for both P;;, > Prgp and Py, < Prgp. There
are two control loops, LED current loop and Vj, voltage loop,
in the system.

In the LED current loop, the LED current is sensed and com-
pared with the reference, It gp_rer. The compensated error Iy req
becomes the boundary of the primary-side switching current.
The sensed primary-side switching current I, s 1S compared
With Tppi req. Once Ipy gns hits Ipy req, N0 more current will be
drawn from the primary side. Thus, the peak secondary-side
switching current is the same in every switching cycle to achieve
constant LED output current. The current feedback loop deter-
mines the peak primary (also secondary) side current to achieve
LED current regulation.

In the Vi, voltage loop, the averaged voltage of Vi, Viio_aves
is compared with its reference, Vi, rer. The compensated error
Vi _comp multiples the scaled input voltage Vi, rec_s, and the result
becomes the reference of the ac input current. The average
input current is obtained by taking ;i sns for integration in every
switching cycle. The result, [i; 4ve, is compared with [, r¢. Once
Tin_avg hits Iy rer, no more current will be drawn from the ac
input. Therefore, PFC is achieved. The voltage feedback loop
determines the ac input current to achieve Vio_ave regulation.

Fig. 13(b) illustrates the corresponding gate driving signal
when P;, > Prgp. At time #y, Q; is turned ON. Ii, 4y, is the
integrated result of Ipg sns. Lpri_sns hits Tprireq at time #;, while
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Fig. 13.  Control scheme of the proposed LED driver. (a) Control diagram.
(b) Gate driving logic when P;,, < PLgp . (c) Gate driving logic when P;;, >
PrEDp . (d) Operation flow of the proposed LED driver in a switching cycle.

Tinavg 18 still lower than [, . The control system identifies
Pi, > PLEp. Qg is turned OFF at time #1, and the magnetic current
commutes from the primary side to the secondary side. At time
15, the secondary-side current drops to zero and generates a
signal zero current detection (ZCD). During [t —f2], finave 1S
constant as there is no current from the ac input. Q is turned ON
again at f3 and Iy g Starts rising from zero. Qs is also turned
ON at fy. [in 4, continues increasing until f3, when Ii, 4y hits
Tinref- Q1 is turned OFF at 73, while O, remains ON. The magnetic
current commutes from the primary side to the auxiliary side.

Fig. 13(c) illustrates the corresponding gate driving signals
when P;, < Prgp. At time ty, Q1 is turned ON. [iy_ay, is the
integrated result Of Ippi sns. finavg hits finrer at 1, while Ly sns
is still lower than Iy q. The control system identifies Py, <
Prep. Therefore, Q3 is turned ON at #5, and no more current will
be drawn from the ac input. The primary-side switching current
keeps increasing until 73, when I gns hits Ty req. Both Q1 and
Q3 are turned OFF then, and the switching current commutes to
the secondary side.

It is worth mentioning that the proposed LED driving method
enables primary-side current regulation. Under the steady state,
the peak secondary-side current in every switching cycle is
described by (18). The secondary-side current conduction time,
which corresponds to (f,—11) in Fig. 8 and (t§ — t5) in Fig. 10,
can be sensed by detecting winding voltages. Therefore, the
averaged secondary-side current in one switching cycle can be
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Fig. 14.  Power flow of the proposed cycle-by-cycle energy buffering LED
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Fig. 15. Loss breakdown of the proposed cycle-by-cycle energy buffering
LED driver.

expressed as

Isec,pk X Tdis

2
2x T (26)

Itep =
where Tg;s is equal to (-o—11) in Fig. 8 and (¢5 — t}) in Fig. 10.
Combining (18) and (26) yields

ILEDch,pri X T‘dis X Npri

T —
HED 2 x Ty X Neee

27)

Once Iy req and Ty are available, the LED current can be
estimated without additional sensing on the secondary side.
Papers [28] and [29] have the details of primary-side circuit
sensing technology and will not be further discussed in this
paper.

Fig. 14 illustrates the high-level power flow of the pro-
posed cycle-by-cycle energy buffering LED driver. When
Pi, < Prgp, the storage capacitor will supply the amount of
power, PLgp — Py, to the LED load. When P;, > Prgp, the
extra power from the ac input, P;, — PLgp, Will be directed to
be stored in the storage capacitor.

V. LOSS ANALYSIS

In this section, a loss analysis of the proposed cycle-by-cycle
energy buffering LED driver, as well as the previous active
filtering LED driver, will be performed. To fairly compare the
losses from both designs, the parameters of MOSFETs and diodes
used in the analysis are standardized. In this way, the analysis
has a much less dependence on the component parameter, and
the result can strongly reflect the advantages/disadvantages of
each design from the perspective of power circuit topology and
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Fig. 16.  Loss breakdown of the previous active filtering LED driver.

operation condition. For the proposed cycle-by-cycle energy
buffering LED driver, the following losses had been identified.

For MOSFET Q1, under both P;;, < Prgp and P;, > Prgep
operating conditions, there are conduction loss during [#y—f; ],
output capacitor switching loss at fy. When P;,, < PLgp, there is
turn-OFF overlap switching loss at 5. When Py, > Prgp, there
is turn-OFF overlap switching loss at #; and #3.

For MOSFET Q», there is only conduction loss during [#3—4]
when Py, > Prgp. One should note that the body diode of Q5
is forward biased before it is turned ON. Therefore, there is no
turn-ON overlap switching loss and output capacitor switching
loss. There is no turn-OFF switching loss with Oy as well, since
the switching current in it is already zero before Q5 is turned
OFF.

For MOSFET Qs, there is turn-ON overlap switching loss and
output capacitor switching loss at #; when P;,, < Prgp. There is
no turn-OFF switching loss with Q3, since its switching current is
already zero before Q5 is turned OFF (turn OFF Q; at #, terminates
the switching current).

For diode D;, there are conduction losses during [fo—f3]
when P;, < Prgp and during [Il—lg] when P, > PrLgp.
For diode Dy, there is conduction loss during [#3—#4;] when
P, > Prgp. For diode D3, there is conduction loss during
[t1—t2] when P;,, < PLgp.

There are also losses from the equivalent lump leakage induc-
tance at the primary side. The leakage inductance, between the
primary-side main winding and the secondary-side main wind-
ing, is estimated to be 4% of the primary-side main winding
inductance, due to relatively poor coupling caused by galvanic
isolation. The leakage inductance, between the primary-side
main winding and the buffering winding, is estimated to be 2%
of the primary-side main winding inductance, as galvanic isola-
tion is not required and good coupling can be achieved. When
P, < Prgp, there is energy built up in the leakage inductor as
the primary-side switching current grows during [fo—#; ]. When
P, > PLgp, there is energy built up in the leakage inductor
as the primary-side switching grows during [fy—; ] and [to—13],
respectively. These energies are dissipated in a snubber circuit
as loss.

For the flyback transformer, there is core and copper loss. A
detailed estimation of this loss requires very complex analysis;
however, with a reasonably good design, the total loss from the
transformer is estimated to be 2% of the power it will handle.
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The detailed loss breakdown of the proposed cycle-by-cycle
energy buffering LED driver is shown in Table IV in the
Appendix as well as presented in the bar chart in Fig. 15.

Also, the detailed loss breakdown for the previous active filter
LED driver is performed, and the result is shown in Table V as
well as the bar chart in Fig. 16.

To estimate the power losses from the buck (release imbal-
anced energy) and boost (store imbalanced energy) converters
in the previous active filtering LED driver, the following as-
sumptions are made.

1) The switching frequency of the buck and boost converters
is also 25 kHz, which benchmarks the switching frequency
of the proposed LED driver.

2) The inductor used in the buck and boost converters is
1.2 mH, which is equal to the inductance value of the
primary-side winding of the flyback transformer in the
proposed LED driver. In this way, the magnetic compo-
nents used in both designs are at a comparable level and
can be assumed to have the same level of power loss.

The total loss generated by the proposed cycle-by-cycle en-
ergy buffering LED driver and the previous active filtering LED
driver is calculated/estimated to be 1815 and 2006 mW, respec-
tively, for the 15-W output power. It should be noted that the
majority of losses, in both designs, are from diode conduction
loss, leakage inductance loss, and transformer loss. Because of
low-frequency (25-kHz) operation, the related switching loss is
not significant. In addition to the quantitive analysis on the loss
breakdown, the loss difference between these two designs can
also be understood from the perspective of energy process steps.
The proposed LED driver requires one less power conversion
step with the imbalanced energy.

Although there are several additional components in the pro-
posed LED driver as compared to a standard single-stage and
two-stage LED driver, some of them do not add too much to the
overall loss and even help reduce loss. For example, when P;,, >
PrrDp, the imbalanced energy is transferred from the ac input to
the storage capacitor. Compared to a standard flyback converter
including a MOSFET, a diode and a flyback transformer, there is
an additional MOSFET Q- involved in the energy transfer in the
proposed design. However, there is only conduction loss with
0>, and the calculated loss is only 30 mW, which is equal to
roughly 0.2% of the total output power. On the contrary, the
imbalanced energy needs to go through a complete boost power
conversion process in the previous active filter LED drivers
to complete energy storage. One more power conversion step
means more diode conduction loss and inductor loss, which
contributes significantly to the total loss. The loss saved with
the proposed LED driver, over the previous active filtering LED
driver, is around 190 mW, which is equivalent to ~1.2% higher
efficiency for 15-W output power designs.

VI. DESIGN PROCEDURES AND CONSIDERATIONS

In this section, an example design procedure is provided as a
design guideline. Design considerations on switching frequency,
transformer inductance, turn ratio, and storage capacitors selec-
tion are included.
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1) Determine the switching frequency. For example, the
switching frequency is designed to be 25 kHz for the
experimental prototype to minimize switching loss.

2) Select the turn ratio Npyi:NVgec:Npyf. The turn’s ratio
determines the voltage stresses of the components. For
example, Npi:Neec:Npur is designed to be 3:1:3 in the
experimental prototype.

3) Determine the inductance of the primary-side winding.
L,y should be selected to meet the requirement of DCM
operation, while, at the same time, minimize idle time
in one switching cycle to achieve lowest possible current
stresses. In the experimental prototype, I, is designed to
be 1.2 mH.

4) Select the capacitor Cy, and the voltage range for V.
With PLgp = 15 W, Vjo_ave 18 chosen to be 140 V and
Vitopprip to be 60 V, and the required capacitor Cy, is
calculated to be 5.7 uF with (27). Two 3.3-uF film capac-
itors are used in the experimental prototype. On the other
side, one should note that the voltage stresses of other
components are also related to V,, as shown in Table L.
Therefore, the voltage range for Vi, should be properly
selected.

5) Select the output capacitors. Because constant output cur-
rent is delivered to the output in every switching cycle,
the output capacitor C, is only responsible for filtering
the switching frequency ripple. Therefore, small capaci-
tance ceramic capacitors can be selected for the design. A
10-pF 100-V ceramic capacitor is used in the experimen-
tal prototype.

6) Calculate the voltage and current stresses of each power
semiconductor components and select parts accordingly.

The above steps provide an example procedure to design the

proposed LED driver. Like any other designs, it can always
start the design procedure in a different order. For example, one
can set the maximum voltage stresses and current stresses of
components in the beginning and then design other parameters
that around this objective.

VII. SIMULATION AND EXPERIMENTAL RESULT

To verify the operating principle of the proposed LED driver,
a 15-W simulation model and experimental prototype had been
built, simulated, and tested. The circuit parameter is shown in
Table II.

Fig. 17 shows the simulated and measured primary-side
switching current waveforms. A rather flat peak primary-side
switching current is shown in the simulated result, which com-
pletely agrees with the analysis. Due to sensing circuit limitation
and delay, the measured primary-side peak switching current has
a small level of variation in the measured waveform. Also, be-
cause of noise, mis-triggers occur and results in several spikes
and dips scattered in a half line cycle period.

Fig. 18 shows the simulated secondary-side switching current
and the LED current at line-frequency time scale. The peak
secondary-side switching current is a constant in a half line
cycle. Therefore, the averaged secondary-side current, which is
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Fig. 18.  Simulated key waveforms at line cycle time scale.

also equal to the LED current, is a constant in a half line cycle,
and flicker-free LED driving performance is achieved.

Fig. 19 shows the key switching waveforms when
Pi, < PLep. The MOSFET () is turned ON at the beginning of a
switching cycle. During [#y—t, ], the switching current in the O
is drawn from the ac input. At time #;, enough current is drawn
from the ac input required by performing PFC. The MOSFET
Qs is turned ON at #;. During [#,—#,], the switching current in
Q1 is drawn from the storage capacitor Cl,. Therefore, energy
is transferred from Cy, to the transformer and eventually to
the LED output after the primary-side switching current is
terminated. MOSFET Q> is always OFF during this operating
condition. The measured waveforms are shown in Fig. 20
and agree with simulated waveforms (the switching current is
sensed by resistor and presented in voltage form).

Fig. 21 shows the simulated key switching waveforms when
Piy, > Prgp. MOSFET Q) is turned ON during [#y—t;] and the
primary-side current in Q; is drawn from the ac input. At 7,
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the primary-side switching current hits I}, req, the level required
by the LED output. Q; is turned OFF to end the primary-side
switching current, and the magnetic current commutes to the
secondary-side winding. During [#;—72], the magnetic current
flows in the secondary-side winding and delivered to the LED
load. The secondary-side current drops to zero at #» and Q; is
008 O S S turned ON again. MOSFET (5 is also turned ON at fo. During
to ot ts ot [to—t3], more current is drawn from the ac input. At f3, the
total current drawn from the ac input reaches the level required
by performing PFC and Q; is turned OFF again. The magnetic

Fig. 21.  Simulated key switching waveforms when P;, > PLEp.
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Fig. 27. Photo of the experimental prototype.

current commutes from the primary-side winding to the buffer
winding. The extra energy in the transformer is then transferred
to the capacitor Cy,. MOSFET Q3 is always OFF during this
operation condition. Fig. 22 shows the measured waveforms,
and it highly agrees with simulated result.

Fig. 23 shows the key waveforms of line-frequency operation,
which includes the ac input current, the LED voltage, the LED
current, and the storage capacitor voltage V,. The LED voltage
is almost a constant. The fast Fourier transform function is used
to measure 120-Hz ripple LED current to avoid misreading due
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to switching noise. The RMS ripple LED current at 120 Hz is
10.67 mA, which corresponds to 15-mA peak ripple and is 6%
of the average LED current. The voltage on the storage capaci-
tor, Vg0, changes from 120 V as the minimum to 170 V as the
maximum in a half line cycle, to buffer the imbalanced energy.
It is worth mentioning that, due to sensing circuit limitation,
the peak of the switching current Ip; varies a bit in a half line
cycle, which results in a less than ideal output current wave-
form. A better output current waveform can be achieved with
an improved sensing circuit design; the simulation waveform in
Fig. 18 verifies that.

Fig. 24 compares the efficiency of the proposed LED driver
and a comparable conventional single-stage LED driver. At full
load, the efficiency of the proposed LED driver is 1.9% lower
than the efficiency of a conventional flyback LED driver, which
is a very small price to pay when flicker-free and electrolytic
capacitor-free operation have been achieved.

Fig. 25 shows the power factor of the proposed LED driver.
At full load, the experimental prototype achieves a power factor
of 0.94, which meets the requirement from EnergyStar.

Fig. 26 shows the measurement of input harmonic currents.
All harmonic currents of interest are below the limits from IEC-
61000-3-2. The photo of the experimental prototype is shown
in Fig. 27.

VIII. CONCLUSION

Eliminating electrolytic capacitors in LED driver designs is
critical to extending the lifetime of LED lighting fixtures. An al-
ternative three-port LED driver—cycle-by-cycle energy buffer-
ing LED driver—has been proposed in this paper to achieve
electrolytic-less and flicker-free operation. By directly control-
ling the switching current, the following improvements are made
with the proposed LED driver over previous three-port LED
drivers. First, the imbalanced energy in a half line cycle experi-
ences one less power conversion step, which reduces conversion
loss and improves the overall efficiency. Second, the maximum
energy that needs to stored in the transformer in the proposed
design is half the amount of conventional and other electrolytic
capacitor-less designs, which allows the use of a smaller mag-
netic core. Third, primary-side current reguation can be easiliy
implemented, which can reduce design complexity on the con-
troller circuit. A potential integrated primary-side controller can
be implemented based on this method. A 15-W experimental
prototype had been built and tested to verify the operating prin-
ciple. A power factor of 0.94 has been achieved, and each order
of harmonic currents is measured, and they are all below the
limit from IEC-61000-3-2. The efficiency of the proposed LED
driver is only 1.9% lower than a conventional single-stage LED
driver at full load, which is a low price to pay when achiev-
ing flicker-free operation and electrolytic capacitor-less design.
Two 3.3-uF film capacitors have been used in the prototype to
buffer double-line-frequency imbalanced energy. The 120-Hz
ripple current is measured to be 6% of the average LED current.
Overall, the experimental result demonstrates a very good LED
driving performance compared with existing options and a high
degree of agreement with the analysis presented.
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TABLE IV
Loss BREAKDOWN OF THE PROPOSED CYCLE-BY-CYCLE ENERGY BUFFERING LED DRIVER

Calculation formula Result Parameters
(mW)
Po1_cona: Conduction loss of Qi
P, = x o :
Pa1_cond 01wt =L e ¥Ry . Toi rms: RMS current in Q1 0.32A
1 By R . L
PQ | el == CQl s [/Q1 & on X X Po;i_capr : Output capacitor switching loss of Q1 when Pin < Prep
Pa1_capt -4 F T, ~0 Vo1_as on1 : Drain to source voltage of Qi before turn on when Pin < Prep
VQ & ont =, ) when Pi, < Prep ~60V (average)
 _ds_on in_rec)avg
1 .
By o= 2XV aon o g XTIy % Por of : Qi turn off switching loss of when Piy < Prep
P 206 Io1 pr1 : Peak switching current in Qi when Pin <Prep 1A
Ql_offt N . Vo1_as o1 : Drain to source voltage of Qi after turning off when Pi, <
_ pri
VQ, _ds_off1 — I/stu_avg +——X I/LED Pep  ~320V
sec
P C VZ X g x ]-'Pm<PIFﬂ
Ol apl = 4 Qo Ol 02" oy Voi_as_on1: Drain to source voltage of Qi before turn on when Pin > Prep
Poi_cap2 line ~0 ~130V
VQ s om = ) . when Pin > Prep
\_ds_on in_rec)ay,
1 o
%l,zﬂz =§ ><VQJM XIQ 2 ><TQ ) 1 X T X Po1 o2 14t turn off overlap switching loss of Qi when Pin > Prep
Voi_as o2 : Drain to source voltage of Qi after turn off when Pin > Prep
Pa1 ot 6.1
_ ~280V
s . . .
Voo as o2 =Viu e avg T XV Ior piz: 1 peak switching current in Qi when Pin > Prep 1A
sec
Poi_of3 : 204 turn off overlap switching loss of Qi when Pin > Prep
Poi o PQLOZH 2 Vi,] & ofi2 1Q7pk3 TQ X X 43 1o1 pi3: 2na peak switching current in Qi when Pin > Prep  0.5A (the
peak switching current changes from 0A to 1A)
Ppi1_cona: D1 conduction loss
con 8 =1, ..XV L '
Ppoi1_cond D_cod —An_ag VD F 3 Ipi_awg: Average currentin D1 0.25A
P RL 30 P> cona: Conduction loss of D2
Q2-cond B o =Ro >, , To2 oms: RMS currentin Q2 0.15A
_ Pp2 cona: Q2 conduction loss
o /2 =/, xV, = .
P2 _sond R = Ip2 wg: RMS current in Q2 0.04A
1
ngan :7><VQ7 & o™ Ig Xl % fox Pg;3 on: Turn on overlap switching loss with Qs
Po3 on 2 8.8 V03 as on - Drain to source voltage of Qs before turn on  ~70V
v _ ( ) Ios pi: Peak switching current in Qs 0.17A
Q; _ds_on sto In _rec/avg
P Pp3_cona: Conduction loss of D3
P3_cond G _oond =R Qs s . Los rms: RMS currentin Qs 0.16A
52 Pp3_cona: Conduction loss of D3
P =] XV p - .
Pp3_cond D _cond —Ap,_ag Ips ag: RMS current in Qs 0.04A
P _ 1 C VZ 27;,’n<3f . - . -
P3 cap Ol _Z 0 a5 Vo, s on X Jw X T 0.3 Pos_cap : Q3 output capacitor switching loss
line
1, 2T, Py : Leakage inductor loss when Pin < PLep
Pua B,== 0 pk2 XL,,{]JS, — 300 Liki_es: Estimated leakage inductance between the primary side main
2 e winding and the second side main winding 4% X Ly = 48uF
P P.— 1 2P x I, 27;?n>Pma 300 Pu: : Leakage inductor loss generated by the first primary pulse current
2 B2 ) R T, when Pin < PLep
ine
T Pus : Leakage inductor loss generated by the second primary pulse
P P :l P ox L,x R>hm 75 current when Pin < PLep
1 D . Lu: : Leakage inductance between the primary side main winding and
" the buffer winding  24uF
1 Prran_ese : Estimated sum of core and copper losses of the Flyback
Pioso_es Lo =Em> X(1+,_Z-)X2% KB transformer 2% Prep = 0.3W
Total 1815

APPENDIX

For the MOSFET, the following parameters are used in the loss
calculation:

CQ,os

TQ e
TQ .

s:  MOSFET parasitic output capacitance 13 pF;
RQ _on -

ON resistance of the MOSFET 1.4 ;
MOSFET Turn-OFF fall time 15 ns;
MOSFET turn-ON rise time 15 ns;

For the diode, the following parameter is used in the loss
calculation:

Vp_r: Diode forward voltage drop 1.5 V.

The switching frequency is 25 kHz. The loss breakdown of
the proposed cycle-by-cycle enregy buffering LED driver and
the previous active filtering LED driver is shown in Tables IV
and V, respectively.
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TABLE V
LoSs BREAKDOWN OF THE PREVIOUS ACTIVE FILTERING LED DRIVER

Calculation formula Result Parameters
(mW)
con P P % Poi_coni: Conduction loss of Qi
PQ1_cond O _cond 535G s RQ—”" 13 Io1 rms: RMS currentin Qi 0.3A
Py =aC, T x—lm o
P oLy = 4 Qo Olds on X o T ! Poi_capr - Output capacitor switching loss of Q
Q_esp e Vo1 as on: Drain to source voltage of Qi before turn on  ~100V
VQ, _ds_on = (I/inirec)avg
I 27,
P, =—xV xI,  xT, xf x—2t>
Gl — 5" el d ey LR T fm ]l"m Poi o Q1 turn off switching loss of
Paoi_ofr N 13 Toi_pi: Peak switching current in Q1 1A (rms)
_ pri Voi_as_of: Drain to source voltage of Qi after turn off ~280V
VQ, _ds_off (I/inirec )avg + S I/LED
sec
Ppi_cona: D1 conduction loss
con By i =1 weXV) 2 '
PD1_cond D _cond =D _ag "D _F 375 Ipi ay: Average currentin D 0.25A
1, 2T, ., Py : Leakage inductor loss
Pi PQ[ cond =*IQ I XL x—— 600 Lu_est: Estimated leakage inductance between the primary side main
- 2 Live winding and the second side main winding 4% x Lyi = 48uF
Piran_es: Estimated sum of core and copper losses of the Flyback
ran P =P, x2° fran_est
P v = b1 % 2% 300 transformer 2% Prep = 0.3W
P P _P v RQ 49 Posuck_cona: MOSFET conduction loss in the Buck converter
st N L ToBuck_rms : RMS current in the MOSFET of the Buck converter 0.187A
P 1 Ly I [ x B<P Posuck_ofr: MOSFET switching loss in the Buck converter
P ‘ Lo =V Ok o_aff ™ 0mck ¥l v 77 Toguck pi : Peak current in the MOSFET ~ 0.59A
QBuck off " : VoBuck_as_ofr: Drain to source voltage across the MOSFET before turn
VQBuckidsio/f = (I/sto )avg off ~140V
P ><C 12 f XZT 2 <P Popucik_cap: MOSFET output capacitor switching loss in the Buck
P O ap = ) ass” Qbuck_ds_on S sw T L6 converter
QBuck_cap line ’ VoBuck_as on - Drain to source voltage across the MOSFET before turn on
VQbuck _ds_on =V, )mg LED ~80V
PpBuck_cona : Diode conduction loss in the Buck converter
s Iz =1 <V, 3 _ i
e e Lt IpBuck_avg : Average current in the diode 0.09A
Ppuck : Buck converter output power
Pinductor Buck R,,dmm,igw_k =F,,x2% 95.5 Pinductor_Buck : Estimated loss of inductor in the Buck converter
2% X PBuck
5 PoBoost_cona: MOSFET conduction loss in the Boost converter
Paboost_cond I Op_cond =1 @ XRQ on 51.6 IoBoost rms : RMS current in the MOSFET of the Boost converter
_ 0.192A
P 1 v ] 2 o Posoost ofr: MOSFET switching loss in the Boost converter
P ) OBust_off —Ex st *ogose_pi T p XS —— T 13 TgBoost pi: Peak current in the MOSFET  0.59A
Qboost_off fine ’ VoBoost_as o Drain to source voltage across the MOSFET after turn off
VQBoostidsioj] =V 60V
P _l C % X f x—tulm. 21, 2 >B Posoost_cap: MOSFET output capacitor switching loss in the Boost
P - Ol _cap _2 ‘OBoost _oss * " QBoost_ds_on *~J sw T 03 converter
Qbocst_c2p fine : VoBuck_as on - Drain to source voltage across the MOSFET before turn on
VQBuustidsian = (Vsta )avg ~140V
Popoosi_cona: MOSFET output capacitor switching loss in the Boost
PpBoost_cond Bosoost ot =1y, eV r 102 converter
IpBoost avg: Average current in the diode  0.068A
Ppoost : Boost converter output power
Pinductor_Boost B,,d,m,i Boost = Fhoay X270 95.5 Pinductor_Boost: Estimated loss of inductor in the Boost converter 2%
X PBoost
Total 2006
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